Background: The global decrease in wildlife populations, especially birds, is mainly due to land use change and increasing intensity of land use (Parmesan and Yohe 2003) . However, impacts of management tools to mitigate biodiversity loss at regional and global scales are less apparent in forest regions that have a constant forest area, and which did not suffer from habitat degradation, and where forests are sustainably managed, such as in Central Europe or the northeastern USA. A biodiversity assessment for Germany suggested, for example, that bird populations were constant (Bundesamt für Naturschutz 2015).
Introduction
Changes in biodiversity have received increasing scientific and political attention (Parmesan and Yohe 2003; Cardinale et al. 2012 ) because of species losses and the spread of pests and diseases (Armstrong 2017) . To reduce further biodiversity loss, setting aside large forest areas has been suggested as one major management tool at regional and global scales (BMU 2007; Pollock et al. 2017) . While proximate causes for the decline of specific species, such as land-use change (Wade et al. 2013) , have been identified, the impacts of socio-economic factors, global climate change, and forest management on biodiversity in general remain unclear.
Here we show that changes in the environment and in forest management are positively related to the abundance of native, non-migratory bird species that are forest specialists in Central Europe. In order to test if our observations are only of regional importance, we compared the European situation with deciduous forests in North America. For Europe, we assembled long-term records of economic factors (timber prices and GDP) and associated changes in forest management intensity (timber harvest, fraction of mixed forest area), together with changes in key environmental factors, mainly atmospheric CO 2 concentration and nitrogen deposition, as proxies for climate change (Vicca et al. 2012; Drobyshev et al. 2014; Fu et al. 2015; Park et al. 2016) . Because birds are used as a key indicator of ecosystem health (Bundesamt für Naturschutz 2015; European Commission 2015; San-Miguel-Ayanz et al. 2016), we associated these parameters with the abundance of multiple groups of forest specialist bird species by using partial least squares path modeling.
Our results provide evidence that both climate change and forest management were positively associated with the abundance of non-migratory forest birds. Our findings are in contrast to the general decline of birds in areas dominated by other land uses, e.g. farmlands, in Europe (Donald et al. 2001; Inger et al. 2015; Reif and Hanzelka 2016; European Bird Census Council 2018) , but confirm the observed population trends of woodland bird species in Europe (Gregory et al. 2007; Ram et al. 2017) . In temperate regions with stable amounts of forested land cover and sustainable forest management, non-migratory forest bird populations are stable or even increasing, with evidence that both migratory and resident species may benefit from moderate-intensity forest management or disturbance (King and DeGraaf 2000; Bakermans and Rodewald 2009; Sheehan et al. 2014) . Our results suggest that the overall decline in bird abundance and diversity could be mitigated by focusing on non-forest ecosystems.
Materials and methods

Environmental and economic variables
To quantify temporal changes in environmental and economic variables in Central Europe, we obtained country-level data. We focused on Germany because a wide array of relevant data has been collected in a consistent manner for longer time periods than other countries in Central Europe. This study uses standing timber volumes in Germany (Thünen-Institut 2012), changes in atmospheric CO 2 concentration (Le Quéré et al. 2016) and nitrogen deposition over Germany (Thünen-Institut 2016) , wood prices in Germany (https://www.holzmarktinfo.de/; 100% wood price is the value in 2010), gross domestic product (GDP) for Germany as corrected for inflation (Organisation for Economic Cooperation and Development 2008), and the US National Audubon Society Christmas Bird Count data (National Audubon Society 2018) from the US states of Connecticut, Maine, Massachusetts, Michigan, Minnesota, New Hampshire, New York, Pennsylvania, Rhode Island, Vermont, West Virginia, and Wisconsin.
Bird abundance data
Trends in bird species abundance come from the European Bird Census Council (2018) for central Europe, which includes Austria, Belgium, Czech Republic, Germany, and Slovakia. We focus on bird species that have breeding populations in these countries (Table 1) . This limits the selection of species to common birds irrespective of their nesting requirements. The Phasianidae (grouse & other upland gamebirds) are not part of this observation scheme (except for Tetrastes bonasia), which was not included because of its absence from most lowland forests in central Europe. Populations of existing Phasianidae in Central Europe are also distorted due to artificial introductions. The Strigidae (owls) are also not part of this observation scheme, even though they contain true forest specialists. We are aware that grouse and some forest owls are in decline due to many causes, including human disturbance.
The common bird monitoring time series was extended to the past decades based on observations of Blue Tid, Parus caeruleus, and Great Tid, Parus major, since 1926 and of Eurasian Nuthatch, Sitta europaea, since 1957 (Berndt and Winkel 1979; Winkel 2002) . A linear regression through the data of these species reaches 56% abundance in 1970, and a linear regression through the common bird monitoring data predicts 55% abundance in 1970. The slopes of change after 1970 were slightly lower, but not significantly different for Parus spp. compared to the other species (average slope for Parus spp.: 1.72 change in abundance per year (s.d. 0.32) as compared to 2.30 change in abundance (s.d. 0.86)).
Data analysis
We used partial least squares modeling with the 'PLS-PM' package (Sanchez et al. 2013 ) in R v. 3.4. 4 (R Core Team 2018 , which is non-parametric and does not have any distributional assumptions, to explain the effects of economic and environmental drivers and of forest management on biodiversity, here defined by the abundance of central European forest specialist bird species from 1980 to 2014. As these variables are theoretical concepts, i.e. not measured directly, we created latent variables for each. We used the wood price index and gross domestic product (GDP) as indicator variables for 'Economy' , CO 2 concentrations and N deposition (standardized using 1990 as baseline) as indicator variables for 'Environment' , cuttings per area per year and the percent of mixed forest area as indicator variables for 'Forest management' , and the abundances of 12 forest specialist bird species as indicator variables for 'Bird Abundance'. We fit the PLS-PM using 1000 bootstrap samples to estimate model parameters. To evaluate the fitted PLS-PM, we first assessed the reflective measurement model using Cronbach's alpha and the first eigenvalue to ensure that the selected indicator variables agree with their corresponding latent variable. The latent variables were unidimensional, meaning that the indicator variables are strongly associated with their latent variable, as indicated by Cronbach's alpha and the first eigen-values for each latent variable. Cronbach's alpha was greater than 0.7 for all latent variables except 'Economy' (Cronbach's alpha = 0.57) and all first eigen-values indicates regionally migrating species with long-term observations (Berndt and Winkel 1979; Winkel 2002) were ≥ 1. We then assessed the structural part of the PLS-PM using goodness-of-fit for the entire model and R 2 for endogenous variables. Goodness-of-fit, which is an index of prediction of the entire model, was 0.72, and the mean bootstrapped R 2 values of the latent variables ranged from 0.81 to 0.92. Together, this information indicates that the PLS-PM fit the data well and has reasonable predictive power. In order to handle the multiple arrays of parameters, latent variables were defined as Economy, Environment, and Forest Management, which are quantified by indicator variables containing the actual time series data. After running the model for non-migratory forest birds, we fit the first model again, but then added separate latent variable for the two other groups of birds. We analyzed temporal trends in bird abundance using linear regression analysis.
Results
Long-term trends in economic and environmental factors
Economic activity in Europe, e.g. Germany, has shown considerable variability since 1936 (Fig. 1) . While GDP has increased steadily over the past several decades, timber prices have experienced major oscillations, with a maximum in 2015, high levels in the 1970s and 1980s, and a decline in the 1990s. Wood harvest was not correlated with timber price nor technology but rather peaked during World War II as well as periodically thereafter following extreme wind throw events (1990 , 2007 Fig. 1) . As a consequence of changing silvicultural management practices, the proportion of uneven-aged mixed forest stands has increased over the past few decades by almost 18%, presently making up two thirds of all forests in Germany (Thünen-Institut 2012; Umweltbundesamt 2015) .
In parallel, between 2002 and 2012, the amount of protected forest area in Germany increased from 1% to 4%, but these protected areas are spatially highly aggregated (Thünen-Institut 2012; T1.3.1, T1.7.5 and T1.7.2) and their total area is an order of magnitude smaller than that of all mixed-species forest in Germany. Thus, the effect of taking forests out of management on bird populations is probably minor at large spatial scales, but its implications require further observation. In addition, average stand volume has increased by 10% between the first (1987) and the last (2012) German national forest inventory (www.Bundeswaldinventur.de/en), which could affect bird diversity (King and DeGraaf 2000) .
Over this same time period, environmental conditions in Central Europe have also changed markedly, largely due to continued greenhouse gas emissions and a recent decrease in pollution, e.g. N deposition (Fig. 1) . Atmospheric CO 2 concentration was chosen as an indicator for a range of associated environmental factors, such as winter temperature, length of the growing season, and rainfall distribution (Keenan et al. 2014; Fu et al. 2015) . The rate of N-deposition in forests has steadily decreased since 1970. This trend represents conditions across Central Europe (European Environment Agency 1998), and may even be similar to those in northeastern USA (Du et al. 2014 ).
Trends in European forest bird populations
In an attempt to protect the European environment against biodiversity loss, the EU Natura 2000 program (European Commission 2015) classified forests into priority types based on phyto-sociological criteria (Braun-Blanquet 1964) . As plants appear to be more robust to environmental changes than animals (Voigt et al. 2007; Hines et al. 2015) , birds were chosen as a more sensitive indicator for identifying the effects of land use (Bundesamt für Naturschutz 2015; European Commission 2015; San-Miguel-Ayanz et al. 2016). Since the extirpation of large predatory mammals, e.g. wolves and bears, birds are among the top predators in Central European ecosystems, especially of invertebrates. Thus, birds should respond rapidly to changes in their environment that may affect habitat and food availability (Bundesamt für Naturschutz 2015; Hallmann et al. 2017) .
Since 1970, the abundance of 11 monitored forest bird species (Bundesamt für Naturschutz 2015, see methods for the species list) has remained constant in Germany (Fig. 2a) . This finding is further supported by observations of 29 species by Natura 2000 (European Commission 2015), and of 34 species by the European Tree Atlas (San-Miguel-Ayanz et al. 2016). Here we assess temporal changes in the abundances of bird species specialized to live in forests (forest specialists) in central Europe that are part of the PAN European Common Bird Monitoring Scheme (PECBMS; European Bird Census Council 2018; see methods). Bird species that breed in European forests, but migrate into Africa after the breeding season, are generally in decline. This is in contrast to bird species that migrate only regionally within Europe. These species show on average a constant abundance over time, albeit with large variations (Fig. 2c) . In Table 1 contrast, non-migratory forest specialists show a general increase in abundance since about 1970 Reif et al. 2008 ; Fig. 2d ).
Path model of relationship between economy, environment, forest management, and bird populations
In an attempt to explain these diverse observations, we focus in the following on non-migratory forest bird species (Gregory et al. 2007; Vickery et al. 2014; Bairlein 2016) . We used partial least squares modeling (see Methods) to explore the direct and indirect relationships among economic and environmental drivers, forest management, and biodiversity, here defined by the abundance of central European forest specialist bird species.
We found strong, direct impacts of changing environmental conditions and forest management on forest specialist birds in Central Europe over three decades (Fig. 3) .
Changing environmental conditions and forest management practices explained 92% of the variation in forest bird populations. These impacts were similar in magnitude (standardized path coefficient of environment on bird abundance was 0.52; standardized path coefficient of forest management on bird abundance was 0.47). Our model provides evidence that the abundance of forest specialist birds increased in response to these factors (Fig. 3) . We emphasize that the region under study is a managed landscape with a long history of forest management (Zvelebil 2001) and a relatively constant forest area during the study period (Thünen-Institut 2012).
The response of regionally and continentally migrating forest bird species is different to that observed for forest specialist bird species. We found a negative response to environmental change, and to a lesser extent, a negative response to forest management. However, this model does not account for changes in winter habitats, and it does not show potential interactions between resident and migratory species (Fig. 4) .
Trends in forest bird populations in the northeastern USA
This counter-intuitive observation of increasing abundance in non-migratory forest birds raises the question of whether observations from Central Europe can be generalized across other regions or continents. Both Europe and the northeastern USA experienced similar levels of deforestation in the 18th and nineteenth century (Houghton et al. 1999; Küster 2003) , are ecologically similar with respect to the main genera of forest tree species (Schulze et al. 1996) , and share a similar history of pollution (Du et al. 2014 ). Long-term data on forest bird abundance in northeastern (NE) USA provide an opportunity for such a comparison. Using long-term data from the National Audubon Society Christmas Bird Count (National Audubon Society 2018), we selected forest bird species that occupy similar niches to European forest bird species. The trend in NE-USA appears to be similar to that in central Europe, although the slope of population increase over time was lower than in Europe. The abundance of all but one bird species (Dryocopus pileatus) increased over time. The abundance of Certhia americana decreased between 1950 and 1970, but the population stabilized thereafter (Poulin et al. 2008) (Fig. 5) .
Discussion
In this study we show that non-migratory forest birds have increased in population over the last several decades in Central Europe, while migratory birds have declined in abundance. We associate the response of the non-migratory birds with changes in the environment and in forest management. In contrast, migratory birds have constant or declining populations. At least some migrating species face increasing problems of coordinating migration due to climate change (Saino et al. 2011) , but the complex reasons underlying the decline of migratory birds (see e.g. Vickery et al. 2014) were not addressed in this study.
There are a few exceptions to the general responses of migratory and non-migratory bird species. Among the European non-migratory forest specialists, Lesser Spotted Woodpeckers (Dendrocopos minor) declined from a very high population in the 1980s, when they benefited from the widespread death of trees from acid rain (Flousek 1989) . Bullfinches (Pyrrhula pyrrhula) have also declined, for reasons that are unknown (Siriwardena et al. 2001; Marquiss 2007) , and have remained at a low level in parts of Europe. However, populations of both species appear to have stabilized over the past 5 to 10 years. There are also regionally migrating species that show increasing abundance, such as Stock Doves (Columba oenas), which might profit not only from the increasing abundance of Black Woodpeckers (Drycopus martius), because they use old nesting holes made by woodpecker (Kosiński et al. 2011 ) but also from increasing maize cultivation in agriculture, and Common Chiffchaffs (Phylloscopus collybita), which profit from an increase in the area of mixed forests (Gregory et al. 2007) . Among the continentally migrating species, there is one species that has increased (Common Redstart, Phoenicurus phoenicurus; Fig. 2b ). Common Redstarts breed in parks, gardens, sport fields, and other habitats where trees do not form a continuous canopy (Sedláček et al. 2004 ) and rely Table 1 on areas with sparse vegetation for foraging (Martinez et al. 2010) . Thus, the apparent increase may reflect a recovery from low numbers in the late twentieth century.
Our results appear to contradict the observation that severe declines in flying insects have cascading effects on bird populations (Hallmann et al. 2017 ). The study of Hallmann et al. (2017) is based on surveys of actively flying adult insects, not on larvae and insects that live in soil, on bark, or in tree canopies. In fact, it is possible that food supply did not decline in forests and thus forest birds may be limited rather by habitat availability than by food scarcity (Hansen et al. 1995; Wesolowski and TomiaJojć 1997; Martinez et al. 2010; Huang et al. 2015) . For the United Kingdom it has been shown that insect abundance declined in open habitats only, and not in woodlands (Brooks et al. 2012) . Moreover, there is evidence that invertebrate diversity is higher in forests with regular canopy openings and gaps (Ammer et al. 2017; Kunz 2017; Schall et al. 2018 ) than in forests with permanently closed canopies, and that bird species that are restricted to mature forests prefer open areas in the autumn after the end of the breeding season (Chandler et al. 2012) . The situation is different on non-forest lands, where declining populations of non-forest bird species are related to the loss of insect biomass on arable lands (Hallmann et al. 2017; Kunz 2017 ), urbanization (Benítez-López et al. 2010 Ferenc et al. 2014) , and could be further accentuated by habitat loss on arable land. Generally, we cannot exclude the possibility that wet summers may also result in an insect shortage in forests (Glutz von Blotzheim 2015) , and climate change may change the situation in forests in the future. The situation on non-forest lands differs from forest lands, where most non-migratory forest birds show consistent positive trends across Central Europe (Burfield and Bommel 2004) .
There are several possible reasons for the positive effect of modern climate change on non-migratory forest bird species, such as a longer growing season and less severe winters (Fu et al. 2015; Park et al. 2016) . Modern forest management practices, which focus on maintaining higher standing wood volumes and increasing structural diversity, have a positive effect on numerous groups of vertebrates and invertebrates (Schall et al. 2018) . For birds, the wood volumes and stand densities across Germany may even have reached a level that is too high, not allowing sufficient light on the forest floor (Kunz 2017) . Non-migratory birds may also take Table 1 advantage of declines in populations of migratory bird species through reduced competition, and migrating birds lose nesting sites, mainly nesting holes (Ahola et al. 2007 ). Moreover, resident forest birds could potentially increase population stability in urban areas and winter feeding (Robb et al. 2008) . However, comparing the metropolitan area of Brussels, Belgium, with a nearby forest area in Wallonia shows that the suburban environment has no significant effect on forest bird populations (Weiserbs 2012) . Notably, the observed positive effects of environment may not persist in light of expected larger changes in climate and climate variability over Europe towards the end of this century (IPCC 2013; Ram et al. 2017) .
Forest management in Central Europe has shifted towards permanent canopy cover and selective harvests over the last three decades (Pukkala and von Gadow 2012) . Although selective cutting can have negative effects on biodiversity (Paillet et al. 2010) , it may be compensated for by an increase in the area of mixed-species forests (see Fig. 1 ) and increased stand volumes. The positive trends in forest bird populations over time are in contrast to previous observations, but these studies did not separate migratory and non-migratory species or account for land-use type (Leech and Crick 2007; Wade et al. 2013) . Indeed, some forest specialist bird species, such as Tetrao urogallus (Capercaillie) and Tetrastes bonasia (Hazel Grouse), which are uncommon species and are not listed in the European Bird Observations, have experienced declines due to anthropogenic causes despite repeated efforts to restore populations through captive breeding and releasing. Trends for owls also appear to be variable. Small forest owls, such as Aegolius funereus and Glaucinium passerinum, have increased in populations with increased abundance of rodents, while some owls have profited from conservation efforts, such as Bubo bubo (Görner 2016) . Grouses and owls are cryptic birds that are difficult to monitor because of their low detection probability (Wintle et al. 2005; Kéry and Schmid 2006; Zimmerman and Gutiérrez 2007; Hansen et al. 2011) , and therefore they were not included in this study. All birds in our analysis are woodpeckers or passerines, which are smaller-bodied and have different evolutionary histories and ecologies, including higher detection probability.
It remains an open question whether conservation of forests can replace forest management. Setting aside forest areas from management in Central Europe is expected to result in the eventual monodominance of Fagus sylvatica. This phenomenon has been observed in Semenik National Park in Romania, where tree species diversity declined from a level similar to that found in managed forests in Germany to single species forests, possibly enhanced by interactions with deer populations (Schulze 2017) . Similar results were reported for nature reserves, where management was abandoned decades ago (Meyer 2005) . Our findings are supported by observations of various groups of insects and plants (Schulze et al. 2016; Schall et al. 2018) , which also show that forest management can help to increase biodiversity at the landscape scale. Together, these results highlight the inherent complexity of developing a flexible framework to conserve biodiversity (Glutz von Blotzheim 2001). Undoubtedly, there are many other factors that influence bird abundance at a variety of spatial and temporal scales, but the present study describes the most important drivers with which other variables are correlated at large spatial scales.
The question remains as to why migratory birds are in decline (see Fig. 4 ). Our model indicates a stronger negative effect of environment than of forest management on these species, but critically, the present model does not include changing conditions in the winter habitat or along the migration route (Vickery et al. 2014; Bairlein 2016 ). Further work is needed to explain the causal drivers underlying changes in the abundance of migratory species in central Europe. It is possible that including factors about environmental conditions along the migration route and in winter habitats could affect the correlations with the conditions in the summer habitats.
There may be multiple reasons for the different rates of increase in NE-USA and Europe of forest specialist bird populations, including differences in the absolute size of populations and the absolute area of habitat. We can exclude certain factors that could have affected bird populations in both regions, Europe and NE-USA. Forest area in both regions was relatively constant (0 to 5% changes in NE-USA; Sleeter et al. 2013; < 1% changes in Central Europe; Forest Europe 2015) . Several difficulties are associated with comparison of species and regions (Schipper et al. 2016) . Nevertheless, the difference in the temporal response of bird abundance of NE-USA and European may be interpreted as a result of less intensive timber harvesting in hardwood forests (USDA Forest Service 2018; Thünen-Institut 2012). The increase in bird abundance in the NE-USA has a lower slope at a much lower level of wood removal compared to Central Europe (USDA Forest Service 2018 ). The average slope of bird abundance per year across 12 states in NE-USA was 0.87%, compared to an average wood extraction rate of 0.72 m 3 ·yr. − 1 ·ha − 1 (s.d. 0.5 m 3 ·yr. − 1 ·ha − 1 ). The average slope of bird abundance per year in central Europe was 1.45% (see Fig. 2 for Europe and Fig. 4 for USA) compared to an average wood extraction rate of 6.3 m 3 ·yr.
. The differences in wood extraction rates are associated with changes in forest structure and tree diversity. Due to a lack of further data, wood harvest is taken as only one of many factors that have changed in managed forests. This may indicate that forest management has had a positive impact on the trajectory of bird populations. In the eastern USA, Sheehan et al. (2014) manipulated forest management intensity to examine its impacts on the population densities of the Cerulean Warbler, Setophaga cerulea. They found that they peaked in forests with intermediate levels of residual basal area, yet late successional species responded negatively to increasing forest management intensity. Compared to forests in NE-USA, or at least those studied in Sheehan et al. (2014) , European managed forests typically reach much higher basal areas and higher small-scale diversity in age classes and structure. Thus, late successional bird species in Europe likely had sufficient access to nesting and feeding sites to maintain their abundance levels.
Conclusions
In conclusion, environmental change and forest management were significantly positively related to biodiversity, as measured by the abundance of native forest bird specialists. The main environmental changes are most likely a prolonged growing season and milder temperatures in winter and less air pollution. Environment conditions in Europe also have been changed indirectly by forest management via an increase in the area of mixed-species forests and by increasing volumes of life and dead wood and of structural diversity. Studies of rare and endangered plant species (Schulze et al. 2016) , fungi and other microorganisms (Felsmann et al. 2015) , reptiles (Jaggi and Baur 1999; Nöllert 2004; Serfling and Serfling 2017) , and on 15 taxonomic groups of vertebrates and invertebrates in managed even-aged and uneven-aged and unmanaged beech forests in central Germany (Schall et al. 2018 ) also suggest that forest management can have positive effects on biodiversity by creating more heterogeneous habitats (Hansen et al. 1995; Doyon et al. 2005) . The data from the NE-USA show similar trends. Based on these findings from two large temperate regions, we conclude that there is evidence that, in addition to large-scale environmental changes, sustainable forest management can have long-lasting and even positive effects on biodiversity. Ultimately, no single practice of forest management can provide suitable habitat conditions for the conservation of all forest bird species (King and DeGraaf 2000; Vanderwel et al. 2007; Haulton 2008) . This finding should not preclude the availability of a diversity of strategies to decision makers to create landscape mosaics that enhance or stabilize biodiversity within and among habitats and land-uses, which is particularly relevant because continental and regional migratory birds showed different temporal trends in abundance than non-migratory forest birds. Thus, in a world of biodiversity change, the potential of sustainable forest management to maintaining biodiversity should be revisited.
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